Laboratory and field experiments were undertaken to investigate the possible application of recycled crushed glass blended with crushed basaltic waste rock as a footpath base material. The laboratory experimental program included basic and specialized geotechnical tests including particle size distribution, modified Proctor compaction, particle density, water absorption, California Bearing Ratio (CBR), Los Angeles abrasion, pH, organic content and triaxial shear tests. A field demonstration footpath comprising of two sections of recycled glass-waste rock blends with 15% and 30% recycled glass content and a third control section with only waste rock was subsequently constructed based on the outcomes of the initial laboratory tests.
INTRODUCTION
The performance of a field demonstration footpath constructed from recycled glasswaste rock blends was investigated following a laboratory and field testing investigation. In the first phase of the research, a laboratory characterization study was undertaken to determine the recommended recycled glass-waste rock blends for use in footpath base layer. In the second phase, construction and field testing of the geotechnical performance of the recycled glass-crushed rock blends was investigated. The main goal of this study was to examine the geotechnical performance of Fine Recycled Glass (FRG) in blends with basaltic Waste Rock (WR) through laboratory and field performance measurements.
Recycled solid waste materials are normally referred to as solid wastes which are collected near curbsides (municipal waste); or generated by Construction and Demolition (C&D) or Commercial and Industrial activities. The urgent need for recycling is of global concern and is driven mainly by environmental considerations, the increasing scarcity of natural resources and the increasing cost of disposal to the landfill in many countries Hoyos et al. 2011; Aatheesan et al. 2010; Landris 2007) . Recycling and subsequent reuse of waste materials will reduce the demand for scarce virgin natural resources as well as reduce the quantity of waste material destined for landfill (Ali et al. 2011a; Tam and Tam 2006) . The reuse of recycled waste materials will significantly lower carbon footprints as compared to traditional quarried materials and ultimately will lead to a more sustainable environment Tam 2009 ). As footpath bases are often designed based on local road authorities' specifications for low volume roads, past studies of the use of recycled C&D aggregates in pavement subbase applications are relevant.
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4 materials in pavement base applications Arulrajah et al. 2011a; Saride et al. 2010; Tao et al. 2010; Akbulut and Gurer 2007; Rodgers et al. 2009 ).
Municipal recycled glass comprises mostly of food and drink bottles usually collected at residential curbside, drop boxes or recycling stations (Landris 2007 ).
Recycled glass is the by-product of crushing mixed color bottles and other glass products collected from both municipal and industrial waste streams (Wartman et al. 2004 ). As most glass in Australia is stockpiled at C&D operator sites, it is often considered as a C&D material, though it is rightfully predominantly generated from municipal waste (94% for the years of 2007-08) and Commercial and Industrial activities (6% for the same time period) (Sustainability Victoria 2010). Waste glass is a mixture of different colored glass particles and often comes with a wide range of debris mainly paper, plastic, gravel, metals and food debris (Wartman et al. 2004 ).
Fine Recycled Glass (FRG) is the result of crushing waste glass down to a maximum particle size of less than 4.75 mm, is the main by-product of the glass recycling industry in Victoria, Australia (Disfani et al. 2011a; 2012) . FRG mainly comprises of sand size particles with a small percentage of silt size particles. 186,000 tonnes of waste glass were recovered for reprocessing in the state of Victoria, Australia alone in the 2008-09 financial year with glass containers and mixed glass waste making up 90% of the recovered glass (Sustainability Victoria 2010).
Recycled glass exhibits geotechnical properties similar to natural aggregate materials (Landris 2007) especially to those of mixtures of gravel and sand (Disfani et al. 2011a; Wartman et al. 2004) . Recycled glass particles are generally angular shaped and contain some flat and elongated particles (Wartman et al. 2004) . It is believed M a n u s c r i p t
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Furthermore, the production process mainly crushing procedure of recycled glass plays a major role on the maximum particle size, debris level and flakiness index of the final product which alternatively influence other geotechnical characteristics such as compaction and shear strength properties (Landris 2007; Wartman et al. 2004 ).
This causes variation in the geotechnical characteristics of recycled glass from one supplier to another (CWC 1998; Disfani et al. 2011a; Wartman et al. 2004) . In recent years, extensive research works have been carried out on the feasibility of using recycled glass in a number of geotechnical engineering applications (CWC 1998; Disfani et al. 2011a; Grubb et al. 2006; Landris 2007; Ooi et al. 2008; Wartman et al. 2004 ). The geotechnical applications of recycled glass include its use as a backfill material in embankments, drainage blanket, filter media, and road pavement material (Wartman et al. 2004 ). Disfani et al. (2011a; 2011b; 2012) has reported on the geotechnical characteristics and possible environmental risks of three different sources of recycled glass produced in Victoria with special focus on their application in road works.
Basaltic waste rock (WR) used in this study originated from "basalt floaters" or excavated surface rock exposure (basalt) which are commonly found near the ground surface to the west and north of Melbourne, Australia (Aatheesan et al. 2010) .
Traditionally this material, excavated during site preparation, would have been disposed as waste, often into landfill (Sustainability Victoria 2010). The rock is often encountered in excavation for residential sub divisional development and in the excavation works for drainage lines as well as other subsurface infrastructure (Arulrajah et al. 2011b) . Excavated waste rock/stone accounts for 21% of the total M a n u s c r i p t and Aatheesan et al. (2010) who have identified the material as a viable material to be used in pavement subbase layers for low volume traffic roads. Blends of recycled glass with WR would therefore be a potential alternative material for use in footpath bases.
LABORATORY CHARACTERIZATION PHASE
Samples of recycled aggregates were obtained from a recycling site in the state of Victoria, Australia. FRG mainly comprises of sand size and a small percentage of silt size particles and has the maximum particle size of 4.75 mm (Disfani et al. 2011a Terzaghi et al. (1996) , WR will be classified as a material with a very low permeability according to the same system. Test results suggest that FRG is more free-draining than most of other natural aggregates (CWC 1998; Wartman et al. 2004 ).
The flakiness index is an indication of the quantity of flat and elongated particles which depends on the degree of processing (i.e., crushing). At the same time particles' degree of angularity also is highly relied on the processing procedure established in the recycling site (FHWA 1998) . The flakiness index of WR and its blends were determined by following "British Standard for testing aggregates-part 105: methods for determination of particle shape, section 105.1 flakiness index"
(British Standard 2000).
Particles crushing and degradation can be a significant issue in certain geotechnical applications; as a result any attempt to utilize recycled material for geotechnical applications should examine this issue carefully (Sivakumar et al. 2004) . To assess the durability and the abrasion resistance of FRG and WR; two different methods were implemented; Los Angeles abrasion test and post-compaction sieve analysis.
The results of LA abrasion tests presented in Table 1 indicate that FRG has a higher LA abrasion value compared to that of WR. during compaction. This is due to the gravel size particles crushing and decreasing in size to sand size particles under compaction effort (Disfani et al. 2011a ).
Prior to California Bearing Ratio (CBR) testing, the samples were prepared using modified compaction energy and soaked under the surcharge of 4.5 kg in water for four days in an attempt to simulate the worst case scenario (VicRoads 1998). Table 1 indicates the CBR value of the FRG sample is considerably lower than that of the WR.
The static triaxial CD tests were performed with an automated triaxial testing system on WR specimen with the dimension of 100 mm diameter by 200 mm height and The base material blends were mixed to the appropriate optimum moisture content in a pug-mill and transported by truck to the site, a haulage time of approximately 45 minutes. The material was planned to be placed and compacted at field moisture content close to the optimum moisture content, with the use of plant mixed wet mixes, to achieve a uniform density within the base. After placement and rough spreading using a Bobcat skid-steer loader, the base layer was compacted with a 1.6 tonnes vibratory roller until there was no further surface deformation under the roller.
The surface was left with an open texture. The final prepared surfaces for all base materials were regarded as very uniform. It was noticed that the FRG30/WR70 blend showed more fines at the surface and, hence, less particle interlock than the WR and FRG15/WR85 blends. Field samples were collected in sample bags from three locations in each section of the footpath base and combined into a single sample (>7 kg) for laboratory testing for the determination of compaction and particle size distribution properties. CBR Field (%) = 0.06 CIV 2 + 0.52 CIV + 1 Equation (1) To obtain a strength ratio which is defined as the ratio of CBR obtained in field (from Clegg hammer test) to the required CBR value (28% for this application);
Equation (2) Equation (2) A nuclear gauge was used to obtain the in-place density and water content of the compacted base layer following the ASTM D 6938-10 test method (ASTM 2010).
Equations ( Particle density results indicate that FRG sample possesses a specific gravity of 2.49, which is approximately 10% lower than the specific gravity of quartz sand reported by Das (2007) , while the specific gravity of WR is found to be slightly higher than those of natural gravel and sand particles (Das 2007 
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14 Table 1 suggests that FRG has the least values for water absorption as expected due to the mineralogy of the FRG. Generally, pure glass has zero water absorption, however, the FRG used in this investigation comprised some soil and other particles and consequently showed a minimal water absorption. It is found that the water absorption values of recycled materials range from 1% to 3.25% which is similar to natural aggregate where the value rarely exceeds 3% (Poon and Chan 2006) .
Organic contents were found to be minimal with values ranging less than 0.66% for all blends. The pH values of all blends are between 9.42 and 9.71 which are above 7
and indicate that the blends are moderately alkaline by nature.
Modified compaction test results shown in Table 1 indicate that WR has the highest maximum dry density, while FRG has the lowest. FRG is expected to have the lowest dry density considering FRG has a maximum particle size of only 4.75 mm and lower particle density compared to the FRG30/WR70, FRG15/WR85 blends and WR materials which have higher content of coarse particles. The optimum water contents of the materials were found to be generally slightly higher for FRG and FRG30/WR70 compared to the other materials.
Hydraulic conductivity of the FRG30/WR70, FRG15/WR85 and WR determined from falling head method range from 6.0 to 6.8 (x 10 -8 m/s) which is classified as low permeability materials based on Terzaghi et al. (1996) classification. As blends with crushed rock comprise of higher fine content, these materials showed lower values for hydraulic conductivity. A Los Angeles Abrasion Loss maximum value of 60 is adopted by the local government council specifications for base materials for footpaths. All the materials and blends tested were found to meet this requirement as presented in Table 1 . The LA abrasion loss value obtained for the various blends in this study is very close to the value of 25 reported for a recycled concrete aggregate investigated by Courard et al. (2010) .
A CBR minimum value of 40% is required by the local government council's specifications for a base material for footpaths. All the materials and blends tested were found to meet this requirement. As expected, the CBR values are found to be higher in the materials with less FRG content. 
Results of CD triaxial tests

Field Testing Phase
Field samples of the footpath base materials were collected from each section during the footpath base construction and sent for testing in the laboratory for particle size distribution and compaction tests. The results from the testing of the field samples in this phase were also compared to the earlier laboratory characterization phase results. Fig. 1 presents the gradation curves of the field samples and compares it to the samples tested in the initial laboratory characterization phase results as well as upper and lower bound curves specified by the local government councils for footpath base materials. In the laboratory characterization tests, gradation curves were plotted for the materials before and after the compaction tests, to determine the degree of breakdown of the particles, which was found to be minimal. WR and FRG15/WR85 materials had a similar grading, whereas the FRG30/WR70 blend with higher glass content have a grading exceeding the finer grading limit due to the higher glass content of 30%. FRG possesses a gradation curve that exceeds the upper bound curves (finer grading limits), and this is the reason that FRG material could not be considered as a base material in the field trials. Furthermore, FRG may not meet
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17 requirements for workability during field construction due to the same reason. All the various material blends apart from FRG were found to plot within acceptable limits of the specified upper and lower limit requirements, except for some of the smaller fines at the lower particle sizes which were considered acceptable. Fig. 6 presents the compaction curves of the field samples collected during the footpath construction and compares it to the samples tested in the initial laboratory characterization phase. Fig. 7 presents comparisons between the field dry densities ratios obtained from the nuclear density gauge with compaction results obtained from the field samples. Fig. 8 presents comparisons of moisture ratios between the field moisture contents with optimum moisture content obtained from compaction testing of field samples. Fig. 7 indicates that FRG15/WR85 base had a minimum relative compaction of 94% and the FRG30/WR70 base also had a minimum relative compaction of 93%, which are both greater than the minimum specified required relative compaction of 92% modified compaction. The variations between maximum and minimum dry density ratios along the chainage were found to be very small (i.e. maximum of 4%). This indicates the field densities were achieved very consistently along the chainage. The WR base in the trial shared path had a minimum relative compaction of 91%, which was on the borderline of the 92% minimum required relative compaction for base layer for modified compaction. It was noted that the density ratios between standard and modified compaction for these blends are in the normal range of 94% to 96% of modified compaction typically obtained for quarried crushed rocks. A comparison of these field samples with samples tested during the initial laboratory characterization phase indicates a very good match and confirms the quality of the recycled materials Journal of Materials in Civil Engineering. Submitted November 4, 2011; accepted June 13, 2012; posted ahead of print August 25, 2012 . doi:10.1061 /(ASCE)MT.1943 Copyright 2012 by the American Society of Civil Engineers M a n u s c r i p t
18 provided for the construction were consistent with those tested earlier in the laboratory characterization phase. Fig. 8 indicates that the moisture content variations were high (i.e. maximum of 22%). This variation in the moisture contents could be due to the exposure to sunlight and drying of the materials after compaction.
Clegg hammer tests results were analyzed to determine CBR values of the various footpath sections as well as to determine the strength ratios based on a required minimum soaked field CBR of 28% after field compaction. Fig. 9 presents the Clegg hammer strength ratio results for CBR assessment of the various footpath sections.
The following assessments can be made based on the field results obtained. The FRG15/WR85 blend produced a high compaction ratio and moderately lower strength ratio. Therefore, adding 15% FRG to WR appears to significantly improve field workability, but marginally reduces base strength. Between the FRG30/WR70
blend and the other two sections, the FRG30/WR70 blend was found to produce a reasonable compaction value, but substantially lower strength ratio. Therefore, finer grading (exceeding the fine grading limit) was found to significantly reduce the footpath base strength for FRG30/WR70.
It should be noted that particle size distribution can influence both workability and strength of the aggregate. Usually, finer grading produces lower strength than coarsegrained bases. On the other hand, coarser grading produces lower density that could lead to difficulty in workability. Limited blends of fine sized recycled glass with coarse sized rock aggregates, particularly FRG15/WR85, appears to be the optimum recycled material blend for a footpath base material.
CONCLUSIONS
The recycled blend with 15% Fine Recycled Glass (FRG) content appears to be the optimum level, in which the material was good for workability, and also had Tables   Table 1: Geotechnical properties of FRG, WR and FRG/WR blends. MT.1943-5533.0000617 Copyright 2012 by the American Society of Civil Engineers
